Nuclear spin relaxation is a powerful method for studying molecular dynamics at atomic resolution. Recent methods development in biomolecular NMR spectroscopy has enabled detailed investigations of molecular dynamics that are critical for biological function, with prominent examples addressing allostery, enzyme catalysis, and protein folding. Dynamic processes with similar correlation times are often detected in multiple locations of the molecule, raising the question of whether the underlying motions are correlated (corresponding to concerted fluctuations involving many atoms distributed across extended regions of the molecule) or uncorrelated (corresponding to independent fluctuations involving few atoms in localized regions). Here, we have used 13 C ␣ (i ؊ 1)͞ 13 C ␣ (i) differential multiple-quantum spin relaxation to provide direct evidence for correlated dynamics of consecutive amino acid residues in the protein sequence. By monitoring overlapping pairs of residues (i ؊ 1 and i, i and i ؉ 1, etc.), we identified correlated motions that extend through continuous segments of the sequence. We detected significant correlated conformational transitions in the native state of the E140Q mutant of the calmodulin C-terminal domain. Previous work has shown that this domain exchanges between two major conformational states that resemble the functionally relevant open and closed states of the WT protein, with a mean correlation time of Ϸ20 s. The present results reveal that an entire ␣-helix undergoes partial unraveling in a transient and cooperative manner.
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conformational exchange ͉ NMR ͉ nuclear spin relaxation P rotein dynamics are critical for biological function. Ligand binding, folding, and enzyme catalysis involve conformational dynamics covering a wide range of time scales and motional amplitudes (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . NMR spectroscopy is uniquely suited to study dynamic processes in biomolecules with atomic resolution, on time scales ranging from picoseconds to seconds. Chemical or conformational exchange processes that modify the local magnetic environments of nuclear spins on microsecond to millisecond time scales increase the relaxation rates of transverse magnetization (R 2 ), because they introduce a stochastic time dependence of the resonance frequencies. Relaxation dispersion experiments have been developed that quantify conformational exchange contributions to R 2 as a function of the strength of the applied radio-frequency fields, implemented either as CPMG (Carr-Purcell-Meiboom-Gill) pulse trains or continuous-wave spin-locks (8) (9) (10) . In principle, NMR spectroscopy offers the possibility to monitor conformational exchange processes at every position along the protein backbone and side chains, provided that suitable stable isotopes (e.g., 13 C and 15 N) have been incorporated (4, (11) (12) (13) (14) (15) . Importantly, the chemical shifts of different nuclei are sensitive to different types of intramolecular motions, which provides a major motivation for pursuing multinuclear studies of conformational exchange (14) (15) (16) (17) (18) (19) (20) (21) . Recent methods development has made possible measurement of differential multiple-quantum (MQ) relaxation rates that report on correlated dynamics of different spin interactions (22) (23) (24) . MQ relaxation rates can provide important structural information, because they depend on the angles relating the principal axis frames of the rank-two interaction tensors involved in the relevant relaxation mechanisms, which include the dipolar interaction and chemical shift anisotropy (25) (26) (27) (28) (29) (30) . Another potentially important source of MQ relaxation is the correlated modulation of the (rank-zero) isotropic chemical shifts of multiple nuclei (19, 21, (31) (32) (33) (34) (35) . Neither of these properties may be probed by using conventional single-quantum (SQ) relaxation experiments. The possibility to monitor the extent of crosscorrelation between the motions of separate sites in a protein offers an important test of whether the detected dynamic modes are localized or extend across contiguous regions of the structure. Correlated conformational exchange of neighboring 13 C ␣ spin pairs is expected to be particularly powerful for addressing secondary structure fluctuations, because the 13 C ␣ chemical shift depends mainly on the local backbone -dihedral angles (36) (37) (38) . Furthermore, the MQ relaxation rates are relatively sensitive to conformational exchange in the case of 13 C ␣ , because the major dipolar interactions can be greatly reduced in perdeuterated samples, and the chemical shielding anisotropy (CSA) is small.
Here, we have measured the differential MQ relaxation rates involving 13 C ␣ spins in adjacent residues of E140Q-Tr2C [the E140Q mutant of the C-terminal domain of calmodulin (Tr2C)]. We have previously demonstrated that the calcium-loaded form of E140Q-Tr2C exchanges between two major conformations that resemble the calcium-loaded (open) and calcium-free (closed) states of WT Tr2C (11, 39, 40) . Based on SQ 15 N, 1 H, and 13 C ␣ rotating-frame relaxation (R 1 ) measurements, the average exchange correlation times at 28°C are ͗ ex ͘ ϭ 22 Ϯ 7, 19 Ϯ 7, and 25 Ϯ 8 s, respectively, and the populations of the exchanging states are approximately equal (11, 14, 15) . These properties make E140Q-Tr2C a good model system for studying fast conformational exchange in general and the dynamics of the conformational switch in calmodulin in particular. We recently reported a MQ relaxation study that monitored the correlated conformational exchange involving the 1 H and 15 N spins of each backbone amide group (19) , which confirmed the previous 15 N relaxation results. However, both the temperature dependence and site-to-site variation of the residue-specific exchange correlation times, determined by using SQ 15 N, 1 H, and 13 C ␣ R 1 measurements, suggest that the conformational exchange may be more complex than a simple two-state process (11, 14, 15, 40) .
In an effort to address this question, we developed a MQ relaxation experiment that detects correlated conformational exchange of 13 C ␣ nuclei situated in adjacent residues; a virtually identical experiment has been presented recently (41) . We measured the difference in zero-quantum (ZQ) and doublequantum (DQ) relaxation rates of coherences involving the 13 C ␣ spins of residues i Ϫ 1 and i. The results provide strong evidence for transient and cooperative unfolding of an entire ␣-helix, suggesting that the global exchange process involves a partially unstructured minor state that had previously escaped detection. The present report demonstrates the power of studying conformational exchange by using multiple spin probes that exhibit different sensitivity toward various types of molecular motions.
Materials and Methods
Theory. The spin states 2I x S x and 2I y S y correspond to the sum and difference of ZQ and DQ coherences, namely,
. Because the relaxation rates are different for the ZQ and DQ coherences (23, 24, 41) , a spin state initially prepared as 2I x S x will evolve into a superposition of 2I x S x and 2I y S y . It is convenient to describe the coupled relaxation of the Cartesian bilinear operators by using an average MQ relaxation rate R MQ ϭ (R DQ ϩ R ZQ )͞2 and a differential MQ relaxation rate ⌬R MQ ϭ (R DQ Ϫ R ZQ ), the latter of which interconverts 2I x S x and 2I y S y and thus acts as an apparent cross-relaxation rate
where the angle brackets denote the expectation value of the operator in question. The spin states 2I x S x and 2I y S y are detected in separate ''auto''-and ''cross''-experiments, respectively, and the differential relaxation rate ⌬R MQ is obtained from the ratio of intensities in these experiments (33) ,
where T is the relaxation delay. Cross-correlations exist between two interactions of the same rank. Thus, cross-correlation occurs between any pair of two different rank-two spin interactions: dipolar-dipolar (DD͞DD), CSA-CSA (CSA͞CSA), or dipolar-CSA (DD͞CSA). The third major relaxation mechanism for spin-1͞2 nuclei in proteins is modulation of the rank-zero isotropic chemical shift, usually denoted as conformational (or chemical) exchange. Hence, cross-correlation may exist between chemical shift modulations (CSMs) involving different nuclei (CSM͞CSM) as well. The differential MQ relaxation rate is, in general, a sum of several cross-correlated relaxation mechanisms, as described in refs. 24 and 34. In the present application, ⌬R MQ involves autocorrelated dipolar cross-relaxation ( DD ), dipolar crosscorrelation with an external spin M ( DD/DD ), cross-correlation of the chemical shift anisotropies ( CSA/CSA ), and correlated modulation of the chemical shifts ( CSM/CSM ):
[3]
Neglecting high-frequency components of the spectral density functions, these relaxation rates are approximately given by DD ϭ
where ប is Planck's constant divided by 2, 0 is the permittivity of free space, ␥ i is the gyromagnetic ratio of spin i, r ij is the distance between spins i and j, J(0) is the spectral density sampled at zero frequency, P 2 (cos i,j ) is the second-order Legendre polynomial, i,j is the angle between the principal axes of tensors i and j, ⌬ i is the chemical shift anisotropy of spin i,
is the population of state A, ⌬ i is the chemical shift difference between states A and B for spin i, ex ϭ 1͞k ex is the exchange correlation time, and k ex is the exchange rate. Eq. 4d is valid for two-state exchange in the fast regime,
. It is desirable not to obscure conformational exchange effects by large offset terms due to dipolar interactions. Perdeuteration of aliphatic protons efficiently reduces dipolar relaxation, which also has the advantage of increasing sensitivity. A further advantage is that cross-correlation of two dipolar couplings involving remote spins (denoted M and N), which leads to cross-relaxation with the doubly antiphase terms (8I y M z S y N z and 8I x M z S x N z ), is greatly attenuated so that the decays for the DQ and ZQ coherences are essentially monoexponential (34) . In the absence of correlated conformational exchange, the dominant contributions to differential MQ relaxation rates result from cross-correlations of DD͞DD interactions involving external spins (Eq. 4b) or of CSA͞CSA interactions involving the two 13 C ␣ spins (Eq. 4c), whereas cross-relaxation between 13 C ␣ spins is completely negligible due to their large distance separation (Eq. 4a). Because we performed the present set of experiments on a perdeuterated protein, the contribution from DD͞DD cross-correlation between the 13 C ␣ spins and their covalently attached 1 H ␣ spins is small. Instead, Eq. 4b is dominated by interactions with remote spins M. We estimated this contribution to 0 Ϯ 0.2 s Ϫ1 , based on the structures of closed and (Ca 2ϩ ) 2 forms of WT Tr2C (43) and a rotational correlation time of 4.2 ns (40) . The maximum CSA͞CSA contribution was estimated to 0.035 and 0.51 s Ϫ1 for ␣-helices and ␤-strands, respectively, as calculated for a static magnetic field of 11.7 T and ⌬ values of 6.1 (␣-helices) and 27.1 (␤-strands) ppm (44) . Because E140Q-Tr2C is composed mainly of ␣-helices (39, 43) , the CSA͞CSA contribution is thus expected to be minor, except for the short ␤-sheet joining the two calcium-binding loops and for residues in the loop and linker regions between the four helices. Calculations indicate that the uncertainties in the fitted parameters increase from 4% to 60% as ⌬R MQ decreases from 8 s Ϫ1 to 0.5 s Ϫ1 , assuming a constant absolute error in intensity (corresponding to 1% relative error at T ϭ 0) and The sensitivity of the experiment was optimized by refocusing the 13 C ␣ -13 C ␤ scalar coupling during the relaxation delay, which can be achieved by adjusting the relaxation delays to multiples of 1͞J CC and applying a nonselective refocusing pulse that inverts all 13 C ␣ and 13 C ␤ spins. Alternatively, the scalar coupling can be refocused by using a selective 180°pulse on the 13 C ␣ spins, which allows for arbitrary relaxation delays but suffers from the drawback that the refocusing pulse cannot be optimized simultaneously for all types of residues. Here, we used a 1.665-ms RE-BURP (refocusing band-selective, uniform response, purephase) pulse (46) centered at 58.3 ppm and covering 49.5-67.2 ppm, which implies that the 13 C ␣ spins of Gly are not refocused and that the 13 C ␣ -13 C ␤ scalar coupling in Ser and Thr is not refocused (at a static magnetic field of 11.7 T). Thus, MQ coherences involving glycine residues are excluded from further analysis, and those involving Ser and Thr can be evaluated only at relaxation delays that are multiples of 1͞J CC (28 ms).
Amide proton exchange with solvent was measured by using the WEX-FHSQC (water exchange-fast heteronuclear single quantum correlation) experiment (47) on a sample containing 1.5 mM 15 N-labeled E140Q-Tr2C at pH 6.0, 30 mM Ca 2ϩ , 0.2 mM NaN 3 , and 0.1 mM 2,2-dimethyl-2-silapentane-5-sulfonic acid dissolved in 10% D 2 O and 90% H 2 O. The delays were t mix ϭ 0, 5, 10, 15, 20 (ϫ2), 25, 40 (ϫ2), 50, 60, 80, and 120 ms. Amide proton exchange was separated from nuclear Overhauser effect contributions by comparing experiments with spin echoes of 40-and 60-ms duration (48) . The exchange rates (k HNex ) were obtained as described in refs. 47 and 48.
Data Processing and Analysis. All data were processed by using NMRPIPE (49) . Before Fourier transformation, the data were multiplied with a Lorentzian-to-Gaussian window in t 2 and a cosine bell in t 1 and zero-filled to twice the size. Peaks were picked in NMRDRAW (49) and integrated by summing the intensities of 15 points (5 ϫ 3; 2 ϫ 1 ) centered on the peak maximum. Errors in the intensities were estimated from the baseline noise. The parameters of Eq. 2, together with an additional offset term, were fit to the ratio of intensities I c ͞I a ϭ tanh(⌬R MQ T͞2) ϩ A, where I c and I a are the intensities in the cross-and auto-experiments, respectively, and A is an offset arising from an uncompensated phase error (41) . Errors in the fitted parameters were estimated by the jackknife procedure (50) and reported as 1 standard deviation. Because the current experiment does not directly separate the various contributions to ⌬R MQ , we identified residues with a significant exchange contribution by iteratively trimming the data to exclude residues with values of ⌬R MQ outside of 2 standard deviations from the mean. Following convergence, exchanging residues were identified as those with ⌬R MQ values at least 1 standard deviation outside of this range.
Results and Discussion
We monitored correlated conformational dynamics of adjacent residues by measuring differential MQ relaxation rates of 13 C ␣ (i Ϫ 1)͞ 13 C ␣ (i) coherences. Representative auto-and crossspectra are shown in Fig. 1 . The sign of a given peak in the cross-spectrum directly reveals the sign of ⌬R MQ ; positive peaks correspond to faster relaxation of DQ coherences than ZQ, implying ⌬R MQ Ͼ 0, and vice versa. A negative sign of ⌬R MQ implies that the two chemical shifts are modulated in opposite directions during the exchange process; a positive sign reveals that they are modulated in the same direction. We quantified ⌬R MQ for 46 of the 72 possible 13 C ␣ (i Ϫ 1)͞ 13 C ␣ (i) multiple quantum coherences that can be created in the protein. The residues that were not analyzed suffered from (i) broadening beyond detection (K77, I100, S101, N137-E139, and F141), (ii) severe spectral overlap (T79, R90, E104, R106, T110, D129, Q140, and Q143) imposed by the limited digital resolution of the constant-time evolution period (Fig. 5) , or (iii) an unexplained offset term (I130) (see below). In addition, MQ coherences involving the five glycines were not included. The extensive broadening implies that additional residues are likely to experience conformational exchange but cannot be detected because of efficient relaxation during the long coherence transfer time (56 ms) needed for each of the ''out'' and ''back'' magnetization transfer steps. Representative I c ͞I a buildup curves are shown in Fig. 2 . There is an uncompensated phase error in the experiments, such that the cross-experiment contains finite intensities at T ϭ 0, which requires an offset term to be included in the Fig. 1 . Representative auto-spectra (A) and cross-spectra (B) acquired by using a relaxation delay of T ϭ 28 ms and signal-averaging over 128 and 512 transients, respectively. Positive and negative peaks are shown in blue and red, respectively. Negative peaks in the auto-spectrum correspond to Ser, Thr, or residues that follow.
fitting procedure (41) . For the large majority of residues, the offset term is Ͻ3% of the initial intensity in the auto-experiment, but in a few cases, it is significantly larger. In the case of coherences involving Ser or Thr, relaxation delays are restricted to multiples of 1͞J CC , as exemplified by N111, which follows T110 in sequence (Fig. 2) . Fig. 3B; see below) . Taking all data into account, the average rate is ͗⌬R MQ ͘ ϭ 1 Ϯ 6 s Ϫ1 , and the trimmed mean value was ͗⌬R MQ ͘ trim ϭ Ϫ0.9 Ϯ 1.6 s Ϫ1 . The calculated total contribution from rank-two interactions was
The calculated values showed a strong site-to-site variation, which explains in part the data scatter observed also for residues with small values of ⌬R MQ (Fig. 3A) . However, most of the scatter likely reflects the poor sensitivity due to limited buildup of intensity in the cross-experiment for residues with insignificant exchange. Significant conformational exchange contributions to ⌬R MQ were identified for those residues having values 1 standard deviation outside the interval given by ͗⌬R MQ ͘ trim Ϯ 2 trim ϭ Ϫ0.9 Ϯ 3.2 s Ϫ1 . Based on this criterion, exchange was observed for 8 of the 46 residues that could be characterized. The absolute mean value of ͗⌬R MQ ͘ trim is larger than ͗⌬R MQ ͘ calc , indicating that our approach is parsimonious and that exchange may remain unidentified for a number of residues; hence, we err on the side of caution. It should also be noted that although a significant exchange contribution to ⌬R MQ provides firm evidence that the residue pair exhibits correlated dynamics, the absence of such contributions does not indicate the absence of correlated dynamics, because the CSM may be insignificant for one or both of the spins. (11, 14, 15) , several important differences are identified. First, fewer residues show exchange in the 13 C ␣ (i Ϫ 1)͞ 13 C ␣ (i) ⌬R MQ data set. Secondly, the residues that do show exchange match only partially with those identified previously from 15 N and 1 H R 1 data. These deviations may be attributed in part to different limitations of the present and previous experiments in terms of sensitivity and spectral resolution, as described above. More interestingly, the differences also reflect the fact that the chemical shift of 13 C ␣ is not sensitive to the same type of motions as those of 15 N and 1 H. The 15 N chemical shift is a complex function of local backbone dihedral angles, namely, (i Ϫ 1), (i), and (i), side-chain dihedral angles 1 (i Ϫ 1) and 1 (i), and hydrogen bonding (38, 51) . The amide 1 H chemical shift is often dominated by hydrogen bonds and long-range effects, such as ring currents and electrostatics (37) . In contrast, the primary determinants of the 13 C ␣ shift are the local and backbone dihedral angles (36) (37) (38) , which account for at least 50% of the secondary shift (37) . All 20 different types of amino acid residues show the same dependence on and in that the 13 C ␣ chemical shift is Ϸ2.5 ppm higher in ␣-helices, and 2.0 ppm lower in ␤-strands, than in random coils (37) . The open-closed transition of Tr2C involves mainly side-chain rearrangements, repacking of the hydrophobic core, and movement of intact secondary structure elements relative to one another, but only modest changes in secondary structure (43) . Thus, it might be expected that exchange between closed and open conformations results in smaller chemical shift differences for 13 C ␣ than for 15 N or 1 H. Indeed, Fig. 3B shows that the large majority of residues in the WT do not show large 13 C ␣ shift differences between the two states, except for a limited number of residues in the calcium-binding loops; the mean absolute difference in chemical shifts between the open and closed states is 0.4 Ϯ 0.7 ppm. This shift difference corresponds to ⌬R MQ ϭ 5 Ϯ 9 s Ϫ1 , assuming equal populations of the open and closed conformations and ex ϭ 20 s (11, 14, 19) . In general, the cases of correlated 13 C ␣ CSMs identified in the present work are significantly larger than those expected from the WT states. Clearly, the significant values of ⌬R MQ observed here do not correspond well to the two-state open-closed transition deduced from previous work (11, 19) ; for example, the small shift differences between the open and closed states of the WT protein correspond to much smaller values of ⌬R MQ than are actually observed for helix F (Fig. 3) . This discrepancy is in agreement with SQ 13 C ␣ R 1 data, which reveal that helix F exhibits significantly larger values of p A p B ⌬ 2 than the other helices, indicating that it experiences greater changes in chemical shifts (15) . In the following, we discuss and interpret the results for individual residues in terms of dihedral angle fluctuations. (Figs. 3 and 4) , observed for S101-A102 in the first calcium-binding site. In both the open and closed states, S101 has ␤-strand conformation, whereas A102 is ␣-helical, although the structure is better defined in the open state (43) . Thus, the observed anticorrelated chemical shift changes directly show that S101 and A102 exchange from ␤-strand and ␣-helical conformations, respectively, (state A) toward random-coil conformations (state B). In the case of a pair of residues situated in an ␣-helix, any changes in dihedral angles away from the ␣-helical region of Ramachandran space would give rise to positively correlated CSMs. For these cases, the observed conformational exchange could potentially involve crankshaft motions [i.e., anticorrelated changes in (i Ϫ 1) and (i)], which do not change the length and compact fold of a helix appreciably.
Comparison with WT Chemical Shifts Reveals Deviations from the
There are only two additional isolated residue pairs exhibiting significant correlated CSMs. In the linker region, the value of CSM/CSM observed for residues E114-K115 shows very good agreement with that expected from the two-state open-closed model: 12.0 Ϯ 0.3 s Ϫ1 compared to 11.4 s Ϫ1 (Figs. 3 and 4) . These results support our previous conclusion that the exchanging conformations of the linker are similar to the open and closed structures of the WT protein (11, 19) . The remaining instance of significant correlated CSM occurs for residues Q135-V136 in the ␤-strand of the second calcium-binding loop (Figs. 3 and 4) . This result is not expected from the WT 13 C ␣ chemical shifts (which predict anticorrelated CSM), but it should be noted that Q135 experiences a very small change in chemical shift between the open and closed states (Fig. 3B) , suggesting that minor differences in dihedral angles from those of the WT states may change the sign of the CSM. The observed exchange is in line with our detailed model for ion release from the C-terminal calcium-binding site, as discussed previously (11), in which the carbonyl group of V136 moves away from optimal calcium coordination in connection with the open-closed transition. It can be expected that this movement is associated with changes in the backbone dihedral angles of V136 and neighboring residues, such that it is reflected in the present data.
Transient Unfolding of Helix F. Notably, significant correlated exchange is observed for virtually all residues in helix F (Figs. 3 and  4) . The observed results do not match with what is expected from the WT chemical shifts (Fig. 3B ) but indicate that the exchange involves a state with significantly less well defined ␣-helical character. It is noteworthy that the agreement with WT chemical shifts for this structural element was relatively poor also in the previous relaxation studies (11, 14, 15, 19) . Because all helices appear well formed in Ca 2ϩ -loaded E140Q-Tr2C, as observed from nuclear Overhauser effect patterns (39) , 15 N order parameters (40) , and 13 C ␣ chemical shifts (Fig. 3B) , the present results are not commensurate with a model in which one of the major exchanging conformations involves destabilization of helix F. Instead, the most likely explanation is that the 13 C ␣ (i Ϫ 1)͞ 13 C ␣ (i) ⌬R MQ experiment sensitively detects a minor and partially unfolded state. Importantly, this conclusion is further supported by the observation that most residues in helix F exhibit fast rates of amide proton exchange with solvent, in sharp contrast to the other secondary structure elements (Fig. 3A) . Given that correlated motions are detected for overlapping pairs of 13 C ␣ spins (namely, i Ϫ 1 and i, i and i ϩ 1, etc.) throughout the helix and that the conformational exchange rates (k ex ϭ k AB ϩ k BA ϭ k AB ͞p B ) are identical for all residues in the helix (15) , the present results strongly suggest that the entire helix undergoes a concerted transition rather than progressive endfraying. The present data do not establish whether the minor state is on-or off-pathway with respect to the open-closed conformation coordinate.
Concluding Remarks.
The results presented here demonstrate that the 13 C ␣ (i Ϫ 1)͞ 13 C ␣ (i) ⌬R MQ experiment is a very powerful means of characterizing correlated changes in backbone dihedral angles and concerted fluctuations in secondary structure. The 13 C ␣ (i Ϫ 1)͞ 13 C ␣ (i) ⌬R MQ relaxation rates, together with the rates of amide proton exchange with solvent and conformational exchange rates from R 1 experiments, directly pinpoint transient and cooperative unfolding of helix F that involves only a minor population under equilibrium conditions. Importantly, previous results based on 1 4 . Location in the structure of residues exhibiting significant correlated conformational exchange contributions to the 13 C ␣ (i Ϫ 1)͞ 13 C ␣ (i) ⌬RMQ rates. The backbone trace of calcium-loaded WT Tr2C is shown in tube representation. Residue pairs exhibiting dynamics are highlighted in red or blue, depending on whether the CSMs of the two residues are correlated or anticorrelated. Residues for which ⌬R MQ rates could not be measured are shown in white, and residues without significant dynamics are shown in gray. The figure was prepared by using MOLMOL (52) .
